Common fragile sites (CFSs) are genomic regions frequently involved in cancer-associated 39 rearrangements. Most CFSs lie within large genes, and their instability relies on 40 transcription-and replication-dependent mechanisms. Here, we uncover a role for the 41 UBL5-dependent branch of the unfolded protein response pathway (UPR) in the 42 maintenance of CFS stability. We show that genetic or pharmacological UPR activation 43 induces CFS gene expression and concomitant relocalization of FANCD2, a master 44 regulator of CFS stability, to CFSs. Furthermore, a genomic analysis of FANCD2 binding 45 sites identified an enrichment for mitochondrial UPR transcriptional response elements in 46 FANCD2 bound regions. We demonstrated that depletion of FANCD2 increases CFS gene 47 transcription and their instability while also inducing mitochondrial dysfunction and triggering 48 the activation of the UPR pathway. Depletion of UBL5, a mediator of the UPR, but not ATF4, 49
Introduction 59 60
Common fragile sites (CFSs) are genomic regions that are prone to form breaks and gaps 61 within metaphase chromosomes after replication stress and drive genomic instability in the 62 earliest steps of tumor development 1 . CFS instability is cell-type dependent and relies on 63 the cell replication and transcription programs [2] [3] [4] . Notably, the transcription of very large 64 genes encompassing CFSs can conflict with replication 2 and modify their replication 65 dynamics 5 , leading to their incomplete replication when cells enter mitosis. Incomplete 66 replication of CFSs leads to the persistence of late replication intermediates that are 67 processed by structure-specific endonucleases, inducing mitotic defects and genomic 68 instability if not properly resolved in a timely manner [6] [7] [8] . Despite their intrinsic instability, 69
CFSs and their associated genes are conserved throughout evolution, hinting to a function 70 of CFSs as sentinels of cellular stress 9, 10 . 71
Among the many proteins involved in DNA replication/repair, the members of the FANC 72 pathway (encoded by the FANC genes) are master regulators of CFS maintenance 11 , with 73 the FANC pathway being dysfunctional in individuals with Fanconi anemia (FA). FA is a rare 74 chromosome instability disorder characterized by bone marrow failure, predisposition to 75 acute myeloid leukemia and epithelial cancer, and hypersensitivity to DNA interstrand 76 crosslinks (ICLs) and endogenous aldehydes 12 13, 14 . Chromosomal aberrations in FA 77 patients are not random but occur preferentially at CFSs 15-17 . FANCD2, the key activated 78 target of the pathway, has been shown to relocalize at large genes encompassing CFSs 79 after replication stress 18, 19 and form foci at CFSs during mitosis, where it cooperates with 80 the helicase BLM (mutated in Bloom's syndrome) to prevent chromosomal abnormalities 20, 81 21 . In vivo, CFS instability can occur following physiological replication stress and is 82 associated with impaired karyokinesis and megakaryocyte differentiation in Fanca -/- mice 83 22 . Recent reports have highlighted the role of the FANC pathway in coordinating replication 84 and transcription by preventing or resolving R-loops 23, 24 . FANCD2 has been consistently 85 shown to promote CFS replication by limiting R-loop formation 25 . Therefore, failure to 86 prevent or physiologically resolve R-loops and transcription-associated DNA damage may 87 be the cause of the genomic instability that underlies the cancer predisposition of FA 88
patients. 89
In addition to their nuclear functions, FANC proteins have been shown to play non-90 canonical roles in the regulation of mitochondrial function and redox metabolism 26 . 91 FANCD2 regulates mitochondrial energy metabolism by interacting with ATP5a 27 , and 92
Fancd2 has been shown to interact with components of mitochondrial nucleoid and to 93 regulate mitochondrial gene transcription and translation in vivo 28 29 . In addition, FANC 94 proteins have been reported to regulate mitophagy by interacting with PARK2 30 , the 95 product of the PRKN gene (also known as Parkin) encompassing the CFS FRA6E, which 96 is mutated in Parkinson disease and is involved in mitochondrial quality control 31 . 97
Mitochondrial dysfunction is an important effector of the FA cellular and clinical phenotype 98 32, 33 , which is underscored by the fact that the tumor incidence and the hematopoietic 99 defects in Fanc-deficient mice can be improved by antioxidant treatments 34, 35 . However, 100 whether these two independent functions in mitochondrial homeostasis and genome 101 stability are mechanistically linked has remained unknown. 102
Mitochondria are key organelles that regulate many aspects of cellular metabolism, 103
including energy production and nucleotide and amino acid metabolism. They are bounded 104 by a double membrane system with 4 distinct functional compartments, the outer and inner 105 membranes, the intermembrane space and the matrix, and maintenance of the protein-106 folding environment in each compartment is fundamental for proper organelle function 36 . 107
The components of the respiratory chain complexes required for oxidative phosphorylation 108 (OXPHOS) activity are encoded by both mitochondrial and nuclear genomes, and 109 coordinated expression from both genomes is crucial to allow the stoichiometric assembly 110 and function of these complexes 37 . Defective import, folding or assembly of these 111 complexes is sensed by mitochondrial protein quality control systems that activate a 112 feedback signaling pathway, dubbed the mitochondrial unfolded protein response (UPR), in 113 order to recover mitochondrial homeostasis 38 . Similarly, the cytosol and endoplasmic 114 reticulum (ER) are exposed to nascent polypeptides and require dedicated protein-folding 115 machinery. To adjust folding capacity and proteostasis, eukaryotic cells have evolved 116 organelle-specific UPRs 39 . The common principles of the UPR are the dynamic activation 117 of signal transduction pathways involving transient attenuation of protein synthesis and load 118 and a transcriptional response aimed at increasing organelle capacity for handling unfolded 119 proteins, allowing metabolic adaptation. In cases of prolonged or excessive UPR activation 120 in which homeostasis cannot be re-established, cells are committed to death. 121
In the present study, for the first time, we demonstrated a role for FANCD2 in the UPR that 122 links mitochondrial dysfunction with genome instability. We show that CFS gene 123 transcription is dependent on mitochondrial activity and is induced by mitochondrial stress 124 and UPR activation. FANCD2 depletion induces mitochondrial dysfunction and CFS gene 125 expression, leading to CFS instability, while attenuation of OXPHOS metabolism decreases 126
FANCD2 depletion induces CFS gene expression. 141
Previous studies have shown that transcription of large CFS genes is involved in CFS 142 instability, by either inducing transcription-replication conflicts or modifying their replication 143 dynamics 2, 5 . We thus analyze the impact of FANCD2 on CFS gene expression and stability 144 in a model cell line -HCT116 -in which CFSs have been previously characterized 40 . 145
Knockdown of FANCD2 increased the transcription of all mapped large CFS genes, whereas 146 the expression of PTPRG, a large gene close to FHIT in the FRA3B region, was unchanged 147 ( Fig.  1a ). The increased CFS gene transcription in FANCD2-depleted cells was associated 148 with increased CFS instability, measured by fluorescence in situ hybridization (FISH) ( Fig.  149 1b, c). We verified the upregulation of FHIT expression at the protein level and the increased 150 transcription by measuring nascent FHIT RNA transcripts using 5-ethynyl uridine (EU) to 151 label newly synthesized RNA (Fig. 1d ). The increased FHIT expression was confirmed using 152 two independent siRNAs targeting FANCD2 (Fig.  1e );; the upregulation was also observed 153 after FANCD2 depletion in HeLa and RKO cells and, to a lesser extent, after downregulation 154 of the FANC core protein FANCA ( Fig.  1f to h). 155 156
FANCD2 binds to CFS genes and prevents their instability in a transcription 157 dependent manner. 158
To decipher the role of transcription in CFS instability and in FANCD2 function, we deleted 159 the FHIT promoter in HCT116 cells using the CRISPR/Cas9 system and verified that FHIT 160 transcription was suppressed (FHIT-KO, Fig.  2a ). We then investigated FRA3B instability 161 by analyzing metaphase spreads for the frequency of FRA3B breakage by FISH after 162 treatment with low doses of aphidicolin (APH), which specifically induces CFS instability 41 . 163
As shown in Fig.  2b , FRA3B breaks were strongly reduced in FHIT-KO cells compared to 164 the parental (FHIT wt) counterparts, consistent with the role of transcription in inducing CFS 165 instability. Most importantly, residual breaks at FRA3B that formed in control (siLacZ) cells 166 in the absence of FHIT transcription (7.82%) were not increased by FANCD2 depletion 167 (4.06%), demonstrating that FANCD2 role at CFSs is linked to the transcription of the 168 corresponding gene. Consequently, we examined whether FANCD2 binding to CFSs was 169 dependent on CFS gene transcription. We performed FANCD2 ChIP followed by qPCR to 170 analyze FANCD2 binding to the FHIT gene in wt and FHIT-KO cells. Interestingly, FANCD2 171 binding to FHIT was almost abolished in the absence of transcription, whereas binding to 172 other CFS genes was not affected ( Fig.  2c ). Therefore, FANCD2 is targeted to CFS genes 173 and prevents their fragility in part in a transcription-dependent manner. 174 175
Genome-wide analysis of FANCD2 targets identifies an enrichment for mitochondrial 176

UPR-response elements at FANCD2 binding sites. 177
To identify regulatory sequences modulating CFS gene transcription and FANCD2 function, 178
we analyzed FANCD2 genomic binding sites by chromatin immunoprecipitation sequencing 179 (ChIP-seq) of the endogenous protein in samples that were untreated or had undergone 180 replicative stress induced by low doses of APH, which induces FANCD2 accumulation and 181 persistence to CFS 18, 20 . In both conditions, FANCD2 peaks were remarkably enriched in 182 genic regions compared with randomly located peaks ( Supplementary Fig. 1a ). We then 183 analyzed the regions where FANCD2 was most bound after APH treatment (the top induced 184 genes) and observed that they were enriched in large loci ( Supplementary  Fig.  1b ), the vast 185 majority of which corresponded to previously characterized CFSs (Table  1) , in agreement 186 with the results of recent studies in human U2OS and chicken DT40 cells 18, 19 . FANCD2 187 was also recruited to some CFS genes, such as FHIT and WWOX, under the untreated 188 condition ( Fig.  3a ). Moreover, a closer inspection revealed that most of these genes have 189 reported functions in mitochondrial activity, ER dynamics and secretory pathways (Table  1) . 190
We then performed a bioinformatic analysis to identify DNA motifs enriched at FANCD2 191 genomic binding sites. Remarkably, this analysis revealed a significant enrichment of 192 MURE1 and MURE2 elements at FANCD2 binding sites both in the untreated condition and 193 following APH treatment (Fig.  3b ). Strikingly, these two elements have been discovered as 194 mitochondrial UPR response elements (MURE), even if the factors binding to the latter sites 195
were not identified 42, 43 . In addition, we identified recurrent sequences of 54 bp or 63 bp 196 containing combined MURE1, CHOP and MURE2 elements at the promoter and/or in the 197 body of some CFS genes ( Fig.  3a and Supplementary  Fig.  2 ). This triplet of elements is a 198 reportedly highly specific functional module required for mitochondrial UPR regulation 43 . 199
Interestingly, we found that FANCD2 enrichment at CFSs increased with gene expression 200 level ( Supplementary Fig. 1c ). Together, these data suggest an interplay between UPR 201 signaling and FANCD2 in the transcription and stability of CFS genes. 202 203
UPR triggers CFS gene expression and FANCD2 binding at CFSs. 204
Activation of the mammalian mitochondrial UPR can be triggered by stress in the 205 mitochondria or in the ER 38 that communicate through mitochondria-associated ER 206 membrane (MAM) contacts 44, 45 . To analyze if the UPR is involved in CFS gene 207 transcription, we pharmacologically induced the UPR using either carbonyl cyanide m-208 chlorophenyl hydrazone (CCCP), a mitochondrial uncoupler, or thapsigargin (TG), a 209 sarco/ER Ca 2+ -ATPase (SERCA) inhibitor and a known inducer of ER stress. Interestingly, 210 both treatments induced the transcription of CFS genes, which was further increased after 211 FANCD2 depletion, indicating that CFS genes respond to UPR activation and that FANCD2 212 dampens this response ( Fig.  4a) . 213
In parallel, we looked at FANCD2 behavior after UPR induction by TG or CCCP treatment. 214 UPR activation induced FANCD2 relocalization in nuclear foci, some of which persisted in 215 mitosis, similar to what was observed after APH treatment and suggesting that they 216 correspond to CFSs (Fig. 4b, c ). To support this finding, we performed FANCD2 ChIP 217 followed by qPCR after UPR induction. We detected a specific enrichment of FANCD2 at 218 CFS genes ( Fig.  4d) , showing that UPR signaling promotes the recruitment of FANCD2 to 219
CFSs. 220
We then used a genetic strategy to specifically perturb mitochondrial proteostasis. We 221 downregulated spastic paraplegia 7 (SPG7), the gene encoding the paraplegin matrix AAA 222 peptidase subunit, a mitochondrially localized, membrane associated protease. SPG7 223 downregulation increases the load of unfolded proteins in the mitochondria, activating the 224 mitochondrial UPR uncoupled from accumulation of reactive oxygen species 46 . As shown 225 in Fig. 4e , SPG7 depletion by RNAi increased CFS gene transcription, similar to what is 226 observed after FANCD2 downregulation, demonstrating that CFS genes expression is 227 triggered by a mitochondrial-dependent stress signaling and that FANCD2 counteracts it. 228 229
Attenuation of mitochondrial respiration or UBL5 depletion mitigates CFS instability 230 in FANCD2-depleted cells. 231
To unravel the role of mitochondrial stress and UPR signaling in CFS instability, we 232 examined the consequences of FANCD2 deficiency on mitochondrial function. 233
Downregulation of FANCD2 elicited a specific defect in electron transport between 234 complexes I and III of the respiratory chain, leading to increased oxygen consumption and 235 decreases in ATP synthesis and the ATP/AMP ratio (Fig.  5a ). The impaired mitochondrial 236 energy production and the decrease in the ATP/AMP ratio was accompanied by an 237 increased lactate dehydrogenase (LDH) activity at time points after FANCD2 depletion, 238
suggesting a shift to glycolytic metabolism to compensate for the OXPHOS defect 239 ( Supplementary Fig. 3 ). We then tested whether the expression of CFS genes was 240 dependent on mitochondrial OXPHOS activity using sodium azide (NaN 3 ) to inhibit 241 mitochondrial respiration. Treatment with NaN 3 decreased the expression of all tested CFS 242 genes in both control and FANCD2-depleted cells ( Fig.  5b ). Finally, we ascertained whether 243 physiological attenuation of OXPHOS metabolism attenuates CFS gene expression and 244 instability by culturing cells at low oxygen tension (3%) and measuring CFS transcription. 245
Compared to cells cultured in 20% O 2 , FANCD2-depleted cells cultured in 3% O 2 showed a 246 significant reduction in the transcription of CFS genes, except for PARK2 that was 247 upregulated under low oxygen concentration ( Fig.  5c );; PARK2 expression may be induced 248 to promote the shift to glycolytic or fatty acid metabolism 47-49 . We then assessed whether 249 chromosome breakage is decreased at 3% O 2 after depletion of FANCD2. Remarkably, the 250 global frequency of breaks in metaphase chromosomes was significantly rescued in 251 FANCD2-depleted cells cultured in 3% O 2 compared with cells cultured in 20% O 2 ( Fig.  5d) , 252 even if a low frequency of breaks specifically occurred at PARK2/FRA6E ( Fig.  5e ), showing 253 a striking correlation between increased CFS gene transcription and instability. Taken 254 together, these data indicate that CFS gene expression is linked to mitochondrial activity 255 and is associated with mitochondrial dysfunction induced after FANCD2 depletion. 256
We then investigated the mechanism underlying UPR signaling and its role in FANCD2 257 function and CFS stability. ATF4 is a transcription factor activated upon UPR induction and 258 a key effector of mitochondrial stress response in mammalian cells 50 . Remarkably, FANCD2 259 downregulation induced the transcription of ATF4, as well as its nuclear relocalization and 260 the activation of its targets CHAC1, PCK2, and PSAT1 ( Fig.  5f  to  h) , showing the activation 261 of mitochondrial stress signaling. Consistently, ATF4 knockdown decreased the expression 262 of these genes and abrogated their induction after FANCD2 depletion ( Figure 5d ). However, 263 ATF4 depletion did not restore the increased CFS gene transcription observed after 264 FANCD2 depletion ( Supplementary  Fig.  4 ), suggesting that CFS genes may be regulated 265 by FANCD2 in an ATF4-independent manner. UBL5 is a ubiquitin-like protein involved in 266 mitochondrial UPR in C. elegans 51 , that has been shown to promote the FANC pathway 267 functionality. Strikingly, UBL5 knockdown significantly reduced the upregulation of CFS 268 genes in FANCD2-depleted cells (Fig. 2i ), revealing the functional interplay between 269 The coordinated regulation of mitochondrial and nuclear activities is essential for cellular 282 function and metabolic homeostasis. Mitochondria are signaling hubs whose activity is 283 monitored through metabolic readouts produced during oxidative metabolism, such as the 284 levels of metabolites, nucleotides, reactive oxygen species, the rate of ATP production or 285 the level of misfolded proteins 52 . In recent years, several studies have highlighted the 286 existence of retrograde pathways, called UPRs, that signal organelle-and compartment-287 specific stress and activate nuclear programs to adjust cellular metabolic activities and 288 recover homeostasis. The mitochondrial UPR has been primarily characterized in C. 289 elegans, but some of the components linking mitochondrial protein misfolding to the nucleus 290 have been recently identified in mammalian cells 53 . In this study, we show for the first time 291 that FANCD2 participates in this pathway in human cells, revealing a new player in this 292 mitochondrial nuclear crosstalk. FANC proteins are best known for their role in the 293 maintenance of genome stability. However, several studies have shown that they also 294 perform non-canonical functions in mitochondria 28, 54 . In this study, we identified a dual 295 function of FANCD2 in counteracting mitochondrial stress and UPR activation and in 296 dampening the UPR-induced transcription of CFS genes. Large CFS genes may be 297 exquisitely sensitive rheostats of cellular metabolic activity. For example, variations in dNTP 298 biosynthesis and ROS have been shown to directly modulate replisome architecture and 299 replication fork velocity 55 . CFSs are late replicating, and slowing their replication further 300 increases the risk of incomplete replication and breakage at the time of mitosis 6 . 301
Furthermore, the timing of CFS replication is modulated by transcription 5 , and the failure to 302 coordinate these two processes leads to CFS breakage 2 . Recent work has highlighted the 303 role of the FANC pathway in coordinating replication and transcription, and FANCD2 has 304 been shown to enable efficient replication of CFSs by preventing or resolving R-loop 305 formation 23-25 . In the present study, we revealed a new layer of CFS regulation that links 306 their transcription to mitochondrial activity through the mitochondrial UPR. We show that 307
CFSs are regulated by an UPR arm that is separate from ATF4, a key regulator of the 308 mitochondrial retrograde response 50 , and is modulated by a UBL5-FANCD2 axis. In this 309 branch, UBL5 acts as an activator and FANCD2 as a suppressor, which may constitute a 310 feedback loop for fine tuning the UPR. Indeed, it has been reported that UBL5 stabilizes 311 FANCI and FANCD2 and promotes their interaction 56 , which may titrate UBL5 leading to 312 UPR attenuation. Further work will be required to elucidate the dynamics of this novel 313 important pathway that mediates UPR regulation. Depletion of FANCD2 induces 314 mitochondrial stress and activates the ATF4 pathway, which rewires mitochondrial 315 metabolism 50, 57, 58 and may be beneficial, at least in part, during the recovery from stress. 316
It is likely that transient activation of CFS genes is also required to recover mitochondrial or 317 ER homeostasis 44 . In this scenario, mild mitochondrial dysfunction and UPR activation 318 would be beneficial and constitute a feedback mechanism to ensure cellular homeostasis. 319
However, prolonged or excessive mitochondrial dysfunction and UPR activation would lead 320 to replication stress and conflicts between replication and transcription ( Fig.  6 ). Noteworthy, 321
it has been reported that TG-mediated UPR induction reduces replication fork progression 322 and origin firing 59 . 323
We demonstrated that transcription is required for FANCD2 recruitment to CFS genes and 324 for its function in CFS maintenance. In addition, we found that FANCD2 enrichment at CFSs 325 is proportional to the level of CFS gene transcription ( Supplementary Fig. 1b ) and is 326 promoted both by UPR induction (Fig. 4e , f) and by replication stress (Fig. 3b and 327 Supplementary  Fig.  2 ). Therefore, we propose that CFS loci behave as both cis- and trans-328 acting components of the UPR that become unstable above a threshold of UPR activation 329 and replication stress. The encounters between replication and transcription and R-loop 330 formation would generate the substrate for FANCD2 binding and/or retention at CFSs and 331 trigger the activation of the FANC pathway 18, 23, 24, 60 , constituting a metabolic and genome 332 surveillance checkpoint. 333
Interestingly, we have found that FANCD2 binding sites are enriched in MURE elements, 334 and that CFS genes contain a variable number of mitochondrial UPR modules of 54 bp or 335 63 bp ( Fig.  3c and Supplementary  Fig.  2 ). Since both MURE1 and MURE2 elements and 336 the combination of MURE1-CHOP-MURE2 motifs have been shown to be involved in 337 mitochondrial UPR regulation 42, 43 , it is tempting to speculate that CNVs and 338 rearrangements targeting CFSs may affect the magnitude of the CFS gene response to UPR 339 and, as a consequence, cellular stress resistance and metabolic adaptation 61 during normal 340 development and in cancer 62 . Intriguingly, the UPR has also been shown to be a major 341 metabolic checkpoint that regulates hematopoietic stem cell function and integrity [63] [64] [65] For total lysates, cells were disrupted in lysis buffer (50 mM Tris-HCl, 20 mM NaCl, 1 mM 374
MgCl 2 , and 0.1% SDS) containing a protease and phosphatase inhibitor cocktail (Roche) 375 supplemented with 0.1% endonuclease (benzonase, Millipore) for 10 min at room 376 temperature with rotation. For fractionation analysis, cells were lysed using an NE-PER kit 377 (ThermoFisher) following the manufacturer's instructions. Laemmli buffer containing beta-378 mercaptoethanol was added to the samples, which were subsequently boiled for 5 min at 379 95°C. The proteins were separated on SDS-PAGE denaturing gels (Bio-Rad) and 380 transferred to nitrocellulose membranes (Bio-Rad). Next, the membranes were blocked with 381 phosphate-buffered saline (PBS)-milk (5%) or PBS-bovine serum albumin (BSA) (3%) for 1 382 hr, and signals were visualized using WesternBright ECL (Advansta) on a digital imaging 383 system (GeneGnome, Syngene) or using Amersham Hyperfilm ECL film (GE) on a table-384 top processor (Curix 60, AGFA). The antibodies used in this study are listed in 385 Supplementary  Table  S1 . Table  S1 . 397 398
Cell treatments and chemicals 399 400
Replicative stress was induced by treating cells with 0.3 µM APH (Sigma A0781) for 20 hr. 401
The UPR was induced by treatment with 1 mM TG (Interchim 42759J) or 10 µM CCCP 402 (Sigma C2759) for 8 hr. For OXPHOS inhibition, sodium azide (NaN 3 , Sigma S8032) was 403 used at 20 mM for 10 hr.
405
Immunofluorescence 406 407
Cells grown on glass cover slips were fixed in 4% formaldehyde for 15 min before 408 permeabilization with 0.5% Triton for 10 min at room temperature. After blocking with 3% 409 BSA in PBS containing 0.05% Tween 20, cells were stained overnight with the primary 410 antibody against FANCD2 and then with a secondary antibody, anti-rabbit Alexa Fluor 594 411 (Invitrogen), for 1 hr at room temperature. Slides were mounted in DAKO mounting medium 412 containing 4',6-diamidino-2-phenylindole (DAPI) (SouthernBiotech) and examined at a 63× 413 magnification using an epifluorescence microscope (Zeiss Axio Observer Z1) equipped with 414 an ORCA-ER camera (Hamamatsu). The microscope and camera parameters were set for 415 each series of experiments to avoid signal saturation. Image processing and analysis were 416 performed using ImageJ. 417 418
Nascent transcript analysis 419 420
Nascent transcripts were captured and analyzed using a Click-iT Nascent RNA Capture Kit 421 from ThermoFisher following the manufacturer's instructions. Briefly, cells were seeded in a 422 6-well plate and transfected the next day. Next, 48 hr after transfection, cells were incubated 423 with 0.5 mM EU for 1 hr and harvested for RNA extraction. Then, 5 µg of RNA was 424 biotinylated with 0.5 mM biotin azide and precipitated. Finally, 1 µg of biotinylated RNA was 425 bound to 50 µL of streptavidin magnetic beads and used for cDNA synthesis and qPCR. 426 427
Metaphase spread preparation and FISH analysis 428 429
Forty-eight hours after transfection, cells were incubated with or without 0.3 µM APH for 16 430 hr. Subsequently, the cells were exposed to 100 ng/mL colcemid (Roche) for 3 hr, treated 431 with hypotonic solution (0.075 M KCl) for 15 min and fixed with 3:1 ethanol/acetic acid 432 overnight at -20°C. The cells were then transferred onto slides and dried for one day. For 433 FRA3B analysis, two FISH probes were used: the ZytoLight SPEC FHIT/CEN 3 dual color 434 probe (ZytoLight) and labeled bacterial artificial chromosomes (BACs). Briefly, bacterial 435 strains containing the BACs (RP11-170K19 and RP11-495E23) were grown overnight at 436 37°C with 12.5 µg of chloramphenicol and extracted using a BACMAX DNA purification kit 437 (Epicentre). Then, DNA was sonicated to obtain fragments shorter than 400 bp, which were 438 then labeled green or red using a PlatinumBright labeling kit (Kreatech) following the 439 manufacturer's instructions. A PARK2 FISH probe (Empire Genomics) was used for FRA6E 440 analysis. Briefly, slides were sequentially incubated in 70, 90 and 100% ethanol for 2 min 441 and then dried. Subsequently, 10 µL of each probe was added to the slides, and a cover 442 slip was added and adhered with rubber cement on its edges to avoid dehydration. The 443 slides were placed on an automatic hybridizer (Hybridizer, Dako) and heated at 72°C for 2 444 min and then at 37°C for at least 16 hr. Afterwards, the coverslips were removed in wash 445 buffer (0.5× SSC and 0.1% SDS) at 37°C, and the slides were incubated in wash buffer for 446 5 min at 65°C to remove nonspecific signals. Finally, the slides were washed with PBS, and 447 DAPI was added with mounting medium for microscopic analysis. 448 449
Chromatin immunoprecipitation and next-generation sequencing (ChIP-seq) 450 451
ChIP-seq experiments were performed using Active Motif ChIP sequencing services. First, 452 1 × 10 7 HCT116 cells that had been treated with or without 0.3 µM APH were fixed in 11% 453 formaldehyde for 15 min. After cell lysis, 30 µg of chromatin was used for 454 immunoprecipitation using a FANCD2 antibody (Novus). Immunoprecipitated and input DNA 455 were sequenced by Illumina sequencing, which generated 75-nt sequence reads. More than 456 30 × 10 6 reads per condition were obtained, and a spike-in adjusted normalization method 457 was applied. The peaks were called using the SICER algorithm and aligned to the human 458 genome build hg19. Integrative Genomics Viewer (IGV) was used to visualize peaks from 459 the genome. 460 461
ChIP and quantitative PCR 462 463
After preclearing with magnetic beads for 1 hr, the chromatin from an equivalent of 1 × 10 7 464 HCT116 cells was used for immunoprecipitation with a FANCD2 antibody (Novus) or 465 immunoglobulin G as a control. After an overnight incubation at 4°C, the beads were washed 466 and eluted in buffer E (25 mM Tris-HCl [pH 7.5], 5 mM EDTA, and 0.5% SDS), and 467 crosslinking was reversed at 65°C with proteinase K for 6 hr. The DNA was then purified 468 using a QIAquick PCR purification kit (QIAGEN) and eluted in 100 μl of distilled water. The 469 PCR primer pairs are listed in Supplementary  Table  S1 . 470 471
Oxygen consumption measurements 472 473
Oxygen consumption was measured at 25°C in a closed chamber using an amperometric 474 electrode (Unisense Microrespiration, Unisense A/S, Denmark). Cells were permeabilized 475 with 0.03 mg/ml digitonin for 1 min, centrifuged for 9 min at 1000 × g and resuspended in a 
Fo-F1 ATP synthase activity assay 516 517
Evaluation of the Fo-F1 ATP synthase activity was performed as previously described. 518
Briefly, 200,000 cells were incubated for 10 min in a medium containing 10 mM Tris-HCl (pH 519 7.4), 100 mM KCl, 5 mM KH 2 PO 4 , 1 mM EGTA, 2.5 mM EDTA, 5 mM MgCl 2 , 0.6 mM ouabain 520 and 25 mg/ml ampicillin, and 10 mM pyruvate plus 5 mM malate to stimulate the pathway 521 composed by complexes I, III and IV. ATP synthesis was induced by the addition of 0.1 mM 522 ADP. The reaction was monitored every 30 seconds for 2 min using a luminometer 523 (GloMax® 20/20n Luminometer, Promega Italia, Milan, Italy) for the luciferin/luciferase 524 chemiluminescent method, with ATP standard solutions used at concentrations between 10 -525 8 and 10 -5 M (luciferin/luciferase ATP bioluminescence assay kit CLSII, Roche, Basel, 526 Switzerland). Data are expressed as nmol ATP produced/min/10 6 cells. 527 528
Statistical analysis 529 530
All quantitative data are presented as the means ± SD of at least three independent 531 experiments. Significance was tested using a two-tailed Student's t-test. Statistical tests 532 were performed using Prism (GraphPad software). P values are indicated as *p≤0.05, 533 **p≤0.01, and ***p≤0.001, with ns indicating not significant (p>0.05). Notice that a 10 bp consensus sequence for CHOP described in Munch and Harper 615 is partially overlapping the MURE2 element. 616 b) Frequency of MURE1 and MURE2 elements at FANCD2 binding sites relative to a 617 random control. The matches scored for each motif were compared to those detected 618 in sets of random sequences of identical length from human genome GRCh37-hg19. 619 P values of the probability to obtain a similar score were ***p<1e-16 for each motif. 620 621 pre-RNA processing and translation. Nature 534, 710-713 (2016 
